Three different approaches for assessing the impact of a permanent increase in water level on wetland vegetation were studied using a long-term, controlled, and replicated experiment. These three approaches were: (1) digitized vegetation maps derived from aerial photographs; (2) vegetation data (species abundance, species diversity) from 10 permanent quadrats in each cell; and (3) Bray-Curtis similarity indices comparing the composition of the vegetation in permanent quadrats within a cell and among cells. This study was conducted in a 10-celled wetland complex in the Delta Marsh, Manitoba, Canada. There were three water level treatments: (1) the normal or mean regulated water level in the surrounding Delta Marsh, (2) the medium (30 cm above normal), and (3) the high (60 cm above normal). There were four, three, and three cells (ranging in total area from 6 to 8 ha), respectively, in each treatment. The vegetation in all cells had been reestablished with a drawdown just prior to this study. To reduce cell-to-cell variation, we adjusted the indicators derived from vegetation maps Abstract. Three different approaches for assessing the impact of a permanent increase in water level on wetland vegetation were studied using a long-term, controlled, and replicated experiment. These three approaches were: (1) digitized vegetation maps derived from aerial photographs; (2) vegetation data (species abundance, species diversity) from 10 permanent quadrats in each cell; and (3) Bray-Curtis similarity indices comparing the composition of the vegetation in permanent quadrats within a cell and among cells. This study was conducted in a 1 0-celled wetland complex in the Delta Marsh, Manitoba, Canada. There were three water level treatments: (1) the normal or mean regulated water level in the surrounding Delta Marsh, (2) the medium (30 cm above normal), and (3) the high (60 cm above normal). There were four, three, and three cells (ranging in total area from 6 to 8 ha), respectively, in each treatment. The vegetation in all cells had been reestablished with a drawdown just prior to this study. To reduce cell-to-cell variation, we adjusted the indicators derived from vegetation maps In permanent quadrats, species richness, total shoot density of the emergent species, and the Shannon diversity index showed significant treatment effects: all three declined in the flooded treatments. The Simpson's index, however, did not show a treatment effect. When Bray-Curtis similarity indices comparing the vegetation either among permanent quadrats within a cell or for the same permanent quadrat in a cell among years were used, either within-cell vegetation heterogeneity or ongoing successional changes in the vegetation made it impossible to detect treatment effects.
INTRODUCTION
Many factors can confuse, confound, or invalidate studies of the impact of a disturbance on the composition and structure of vegetation, including: (1) local differences or site characteristics (e.g., the percentage of an area at a certain elevation or with a certain soil type); (2) the number and complexity of the environmental gradients (e.g., soil fertility, soil moisture, or elevation gradients); and (3) succession. The most reliable method for coping with these confounding factors in impact studies is a controlled, replicated experiment with suitable temporal and spatial controls (Green 1979, Westman 1985, Eberhardt and Thomas 199 1) . There have been, however, very few field impact studies that have used a controlled, replicated experimental design. Two other crucial features of impact studies are the suitability of the approaches used to detect an impact and the suitability of the different measures that are used to determine the composition and structure of vegetation. Our study is unique in that it used a controlled experiment to assess both the utility and the reliability or robustness of three common approaches (vegetation maps, vegetation data collected in permanent quadrats, and similarity indices) and several associated vegetation measures or indicators for detecting the impact of a permanent water level increase on wetland vegetation undergoing succession.
The distribution of species and plant communities within a wetland is primarily a function of water depth (Spence 1982) . A long-term change in water level, particularly an increase, can result in dramatic changes in wetland vegetation. Species, communities and, in extreme cases, nearly all emergent vegetation can be eliminated (Millar 1973 , van der Valk 1981 , Sjoberg and Danell 1983 , Bukata et al. 1988 , Wallsten and Forsgren 1989 . With the exception of experimental studies of individual wetland species (e.g., Lieffers and (Millar 1973, van der Valk and Davis 1978) or of water level changes in reservoirs (Dudgeon 1983, Nilsson and Keddy 1988) .
Specifically and it was reestablished during a 1-or 2-yr drawdown prior to this study (Murkin and Murkin 1989 Three approaches were used to assess the impact of raising water levels on the vegetation: (1) vegetation maps that were digitized and analyzed using a geographic information system, (2) vegetation data from 10 permanent quadrats in each cell, and (3) similarity indices that were used to compare the overall composition of vegetation among permanent quadrats within a cell in a given year and among years for each quadrat.
STUDY SITE
The 10 cells of the Marsh Ecology Research Program (MERP) were constructed in 1979 within the Delta Marsh, Manitoba, Canada (50?11 ' N, 98 ?1 9' W). These 10 rectangular cells are contiguous (Fig. 1) , and each had a total area of 6-8 ha. Their northern boundary is the sand ridge that separates the Delta Marsh from Lake Manitoba, and their other three boundaries are dikes. Their long axes run north-south, i.e., perpendicular to the sand ridge (Fig. 1) . Each cell is equipped with a water control structure and an electric pump, which were used to maintain water levels at the designated treatment level for a cell during the experiment.
Additional information about the MERP cells can be found in Murkin et al. (1985) and Murkin and Murkin (1989 Walker (1959 Walker ( , 1965 and on the vegetation in the MERP cells can be found in Welling et al. (1 988a, b) , van der Valk and Welling (1988) and van der Valk et al. (1989) .
Nomenclature follows Scoggan (1978 Scoggan ( -1979 .
Water levels in Lake Manitoba and the Delta Marsh, which is connected to Lake Manitoba by several channels, have been regulated by dams on Lake Manitoba since the early 1960s. Since that time, the mean water level in the marsh has been at an elevation of -247.5 m, designated the normal water level hereafter. Prior to the regulation of water levels, the lake and adjacent marsh had undergone cyclical changes in water levels over a period of 20 yr in response to changes in annual precipitation (Walker 1959 (Walker , 1965 . During wet years, water levels rose to 248.5 m and, during dry years, dropped to 247.0 m (Anonymous 1974) .
METHODS

Experimental design
All the MERP cells were flooded to 1 m above normal (i.e., 248.5 m) for 2 yr to simulate high water conditions during wet years and then were drawn down to 0.5 m below normal (i.e., 247.0 m) for 1 or 2 yr. In each cell, the existing upland and emergent vegetation was killed during the flooded years and new vegetation recruited from the seed bank during the drawdown years (Welling et al. 1988a, b) . Because there is almost no recruitment of emergent species during the 2nd yr of a drawdown (Welling et al. 1 988b) , cells with a 1 -yr and a 2-yr drawdown had similar vegetation in 1985.
In our analyses, the two cells with a 1-yr drawdown (cells 3 and 7), which were both in the normal water level treatment, have been lumped with the two other cells (cells 4 and 8) in the normal water level treatment.
In 1985, at the end of the drawdowns, the cells were reflooded to one of three water depths: the mean regulated water level in the Delta Marsh (247.5 m), designated the normal treatment; 30 cm above normal (247.8 m), the medium treatment; and 60 cm above normal (248.1 m), the high treatment. There were four ce1lls in the normal treatment (cells 3, 4 ,7, and 8) and three in the medium (cells 1, 5, and 9) and high (cells 2, 6, and 10) treatments. Reflooding treatments were assigned randomly (Fig. 1) . The water level in each cell was kept at the appropriate level by pumping water from the surrounding marsh into the cell as needed. These water level treatments were maintained for 5 yr (1985) (1986) (1987) (1988) (1989) The areas of all vegetation types in a cell were determined using ISOIL software developed by the Land Use Analysis Laboratory of Iowa State University (Beavers 1991 (2) number of multispecies vegetation types, i.e., dominated by two or more species. Areas within 5 m of the periphery of each cell were excluded in our analyses of the vegetation maps to avoid sampling areas disturbed when the cells were constructed. To adjust for these cell-to-cell differences in basin morphometry, the mean values for the five indicators in 1979 and 1980 were subtracted from their corresponding 1985-1989 values. The adjusted indicators were analyzed using a two-way analysis of variance with repeated measures (Ott 1988) .
All statistical analyses were done using the SAS GLM procedure (SAS 1989) . Conservative degrees of freedom were used for all F tests involving repeated measures (Geisser and Greenhouse 1958) . Because there are correlations among successive measurements made on the same cell (i.e., the time treatment [year] could not be randomized), correlations among successive measurements result in a distribution of F values that is flatter than that found in standard tables. To remove this bias, the degrees of freedom used in the analysis of variance of repeated measures effects can be adjusted in a variety of ways (Ott 1988) . In our analyses, we divided by the degrees of freedom for all effects involving repeated measures by the degrees of freedom for years. These conservative degrees of freedom reduce the probability that calculated F values exceed the values in standard tables. Because the adjustment that we made in degrees of freedom is the most extreme that is normally used in a repeated-measures ANOVA, our statistical analyses were very conservative, and only strong treatment effects would be found significant.
Since this is a comparative study of ways of assessing impacts, a conservative analysis made it possible to determine what were the best approaches for detecting, and the most robust indicators of, flooding impacts. All tests of significance were done at the 0.05 level.
Vegetation data
Permanent quadrats were established in each cell during the drawdown period. Each cell was divided into five equal zones from north to south, and two permanent quadrats were randomly placed in each zone. This stratified-random-sampling regime was used to ensure that the elevation gradient in each cell was adequately sampled. No permanent quadrats were placed within 5 m of the edge of a cell. Permanent quadrats were 2 x 2 m and were divided into four triangular 1-iM2 subquadrats by running a wire around the edges and along the diagonals of the quadrat. This permanent-quadrat design was chosen because it minimized damage to the vegetation inside the two sampled subquadrats (because two of their sides were adjacent to unsampled subquadrats). Each July from 1985 to 1989, the number of shoots of each emergent species was counted in the northern and southern triangular subquadrats of each permanent quadrat, and the percentage cover of each submersed and free-floating species was also estimated using the cover-abundance scale in van der Valk and Davis (1978) . Thus, an area of 2 m2 was sampled in each permanent quadrat, and all species diversity, shoot density, and shoot cover data are presented on a 2-M2 basis.
In permanent quadrats, four indicators were examined: species richness, total shoot density or cover, Shannon's index, and Simpson's index. Diversity indices for the emergent and submersed species in each quadrat were calculated separately because we expected emergent and submersed species to respond differently to an increase in water level.
In the statistical analysis of vegetation indicators derived from permanent quadrat data, cells were the experimental units because water level treatments were randomized at this level. Within each cell there were five zones that covered the elevation gradient. These zones were treated as subplots. Thus, the experiment had a split-plot design with repeated measures. The GLM procedure in SAS was used to calculate the ANOVAs. Emergent and submersed vegetation data were analyzed separately. Conservative degrees of freedom All similarity indices were calculated using SAS and the formulae in Ludwig and Reynolds (1988) . Similarity index data were analyzed in two ways. 1986, 1987, 1988, and 1989. These are designated the among-year similarity values.
These Bray-Curtis indices were calculated using SAS and analyzed using a split-plot with repeated measures model with the GLM procedure in SAS. This is the same ANOVA model used for the analyses of the veg- (Table 2) .
Both the adjusted total number of vegetation types and the adjusted number of multispecies vegetation types showed a significant treatment effect (Table 1) .
By 1989, both were highest in the normal treatment (Table 3) 1985-1989. types declined in the 1 st yr of flooding in the medium and high treatments and changed little after that.
The results of the ANOVAs for the diversity indices are summarized in Table 4 . Mean species richness (Table 5), shoot density (Table 6) , and Shannon's index (Table 7) of emergent vegetation were all significantly lower in the medium and high water level treatments than in the normal treatment (Table 4) . In all three treatments, there was a significant year effect (Table 4) .
There was no treatment or year effect for the Simpson's index (Tables 4 and 8) .
Although for submersed and free-floating species there was no treatment effect for the number of species (Table 4) , there was a treatment effect for total cover and Shannon's index. Both were lower in the medium and high water level treatments (Tables 6 and 7 ). There was a year effect for species richness (Tables 4 and 5 
Similarity indices
The mean within-year Bray-Curtis similarity index (Table 9 ) for a cell showed no treatment effect, but did show a year effect (Table 1) Table 2 and Fig. 1] ). This loss of emergent cover was accompanied by an increase in the cover of submersed and free-floating species in all treatments (Table 5) . These results are consistent with many previous studies of the impact of a longterm increase in water level on wetlands (Millar 1973 , Bukata et al. 1988 , Wallsten and Forsgren 1989 . It was not until 1987, the 3rd yr of the study, that significant differences between the normal and higher water treatments occurred (Tables 2, 3 , 5, and 6). This lag time in the response of emergent species to flooding is consistent with previous studies of prairie wetlands (Millar 1973 , van der Valk and Davis 1978 , Squires 1991 , Squires and van der Valk 1992 ) which documented that it takes 2 or 3 yr of high water to eliminate susceptible emergent vegetation. Green (1979) and Eberhardt and Thomas (1991) 1986, 1987, 1988, and 1989 in the normal (n = 40), medium (n = 30), and high (n = 30) water level treatments. These similarity indices were calculated using emergent shoot density data only. 1985 only. -1985 only. -1985 only. -1985 only. -Treatment 1986 only. 1987 only. 1988 only. 1989 
Number of replicates
Although the number of replicates per treatment was small in this study because of the cost of constructing and maintaining a cell, there were still more replicates than in most field studies (Eberhardt and Thomas 1991) .
Our results indicate that the experimental design was powerful enough to detect treatment effects using some Our analysis of the vegetation data gave results that generally were comparable to that from the vegetation maps. The major change that occurred in the permanent quadrats was a decline in the abundance or local extirpation of emergent species (Tables 2, 3 , 5, and 6).
In addition, the permanent quadrat data provided information on the increase in abundance of submersed and free-floating species (Table 6) Simpson's index showed no treatment response in spite of significant changes in total shoot density or cover of species in the permanent quadrats. In a statistical study of the power of various diversity indices to detect a change in the composition of a community, Heltshe and DiCanzio (1985) concluded that "...
Simpson's index was not as responsive to changes in species abundances" and consequently was less powerful than the Shannon's index and the other two in-dices that they examined. Also, ". . . Simpson's index is more responsive to dominant species . .. and is little influenced by changes in rare species" (Heltshe and DiCanzio 1985) . The vegetation in the MERP cells throughout the study typically consisted of one, or occasionally two, dominant species plus some minor species irrespective of water level treatment. Simpson's index is not a relevant measure.
Of the other three indicators examined (species richness, total emergent shoot density, and Shannon's index), the first two showed a consistent and monotonic response to the three water level treatments (Tables 5   and 6 ). We agree with Green (1979) that directly measured indicators (e.g., species richness and density) are Within-cell heterogeneity can be reduced by estimating the abundance (e.g., mean shoot density) of each species in a cell from the permanent quadrat data.
Similarities can then be computed for each pair of cells.
(Because similarity indices are nonlinear distance functions, this also gets around the problem of how best to estimate mean similarities.) Because direct measures of the abundance of species, such as mean shoot density, were one of the two best indicators of a treatment response, it is unnecessary to calculate whole-cell similarity indices in order to test for a treatment effect.
Among-year Bray-Curtis index values also showed no significant treatment effect. With this approach, successional changes in the vegetation were detected, i.e., there was a significant year effect. These successional changes (temporal heterogeneity) made it impossible to detect a treatment effect. The use of among-year similarity indices to detect the impact of higher water levels on wetland vegetation is not recommended.
Recommendations
Vegetation data, particularly directly measured indicators such as total shoot density and species richness, from permanent quadrats were the best approach for detecting the impact of high water levels on wetland vegetation. This was the only approach that was robust enough to cope with both cell heterogeneity and suc- 
